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ABSTRACT 
 
Advanced modulation formats such as carrierless amplitude phase (CAP) modulation 
technique is one of the solutions to increase flexibility and high bit rates to support 
multi-level and multi-dimensional modulations with the absence of sinusoidal 
carrier. Recent work are focussing on the 2D CAP-64 QAM Radio-over-Fiber (RoF) 
system but no extension of higher dimensions is reported. This thesis expands the 
area of CAP modulation technique and RoF system. The work described in this 
thesis is devoted to the investigation of 1.25 GSa/s sampling rate for multi-level and 
multi-dimensional CAP in point-to-point (P2P) and RoF system at 3 km single-mode 
fiber (SMF). Another advanced modulation format which is known as discrete 
multitone (DMT) is compared with CAP modulation in order to observe the 
performance in different modulation schemes. The 4QAM-DMT and 16QAM-DMT 
at different number of subcarriers are carried out in this propagation. Based on the 
results, the transmission performance in terms of BER and received optical power for 
RoF transmission are degraded to almost 3 dB when comparing to 3 km SMF 
transmission. These are caused by the wireless power loss and impairment effects. 
The bit rate and spectral efficiency can be increased with the increasing number of 
levels, and may decreased once the number of dimensions is increased due to the 
higher up-sampling factor. However, the additional dimensions can be used to 
support multiple service applications. Therefore, it can be concluded that CAP has 
better performance as compared to DMT in terms of higher spectral efficiency and 
data rate. To conclude, the results presented in this thesis exhibit high feasibility of 
CAP modulation in the increasing number of dimensions and levels. Thus, CAP has 
the potential to be utilized in multiple service allocations for different number of 
users.   
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ABSTRAK 
 
Format modulasi lanjutan seperti teknik modulasi carrireless amplitude phase (CAP) 
adalah salah satu penyelesaian untuk meningkatkan fleksibiliti dan kadar bit untuk 
menampung modulasi pelbagai-peringkat dan pelbagai-dimensi dengan ketiadaan 
pembawa sinusoidal. Kajian terkini memberi tumpuan kepada 2D CAP-64QAM 
sistem Radio-over-Fiber (RoF) dan tiada lanjutan untuk dimensi yang lebih tinggi. 
Tesis ini memperluaskan skop kajian dalam bidang teknik modulasi CAP dan sistem 
RoF. Kerja-kerja penyelidikan yang dihuraikan di dalam tesis ini adalah dikhaskan 
untuk menyiasat 1.25 GSa/s kadar pensampelan bagi pelbagai-peringkat dan 
pelbagai-dimensi teknik modulasi CAP dalam penghantaran optik dan sistem RoF 
pada 3 km gentian mod tunggal (SMF). Pada masa yang sama, format modulasi 
lanjutan lain yang dikenali sebagai discrete multitone (DMT) telah dibandingkan 
dengan modulasi CAP untuk melihat prestasi dalam skim modulasi yang berbeza. 
4QAM-DMT dan 16QAM-DMT pada nilai subpembawa yang berbeza telah 
dijalankan dalam penyebaran ini. Berdasarkan dari keputusan yang diperolehi, 
prestasi penghantaran dari segi BER dan penerimaan kuasa optik untuk penghantaran 
RoF berkurangan hampir 3 dB berbanding penghantaran 3 km SMF. Ini adalah 
akibat daripada kehilangan kuasa tanpa wayar dan kesan kemerosotan. Di samping 
itu, peningkatan jumlah peringkat juga boleh meningkatkan kadar bit dan kecekapan 
spektrum. Namun, apabila jumlah dimensi meningkat, kadar bit dan kecekapan 
spektrum akan berkurangan disebabkan oleh faktor kenaikan-pensampelan yang 
lebih tinggi. Walau bagaimanapun, penambahan dimensi boleh digunakan untuk 
menyokong pelbagai aplikasi perkhidmatan. Dengan itu, dapat disimpulkan bahawa 
modulasi CAP mempunyai prestasi yang lebih baik berbanding dengan modulasi 
DMT dari segi peningkatan kecekapan spektrum dan kadar data. Secara ringkas, 
hasil keputusan yang dibentangkan di dalam tesis ini menunjukkan kebolehan yang 
tinggi bagi modulasi CAP dalam peningkatan jumlah dimensi dan peringkat. Oleh 
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itu, CAP berpotensi untuk digunakan dalam pelbagai perkhidmatan yang 
diperuntukkan kepada jumlah pengguna yang berbeza.   
 
 
 viii 
TABLE OF CONTENTS 
DECLARATION ii 
DEDICATION iii 
ACKNOWLEDGEMENT iv 
ABSTRACT v 
ABSTRAK vi 
TABLE OF CONTENTS viii 
LIST OF TABLES xi 
LIST OF FIGURES xii 
LIST OF SYMBOLS AND ABBREVIATIONS xv 
LIST OF PUBLICATIONS xxi 
LIST OF AWARD xxii 
CHAPTER 1 INTRODUCTION 1 
1.1 Overview  1 
1.2 Background of Study  1 
1.2.1 Introduction to Advanced Modulation Format 
for Optical Communication System  2 
1.2.2 Introduction to Carrierless Amplitude Phase 
Modulation Format  3 
1.2.3 Introduction to Home Area Network in Optical 
Transmission  5 
 ix 
1.2.4 Introduction to Radio-over-Fiber System 
Architecture  7 
1.3 Problem Statement  10 
1.4 Objectives  10 
1.5 Scope of Project  11 
1.6 Thesis Organization  11 
CHAPTER 2 LITERATURE REVIEW 13 
2.1 Advanced Modulation Format  13 
2.2 Carrierless Amplitude Phase Modulation  14 
2.2.1 Classical 2D-CAP Modulation  15 
2.2.2 High Dimensionality CAP Modulation  18 
2.3 Radio-over-Fiber System  22 
2.3.1 Intensity Modulation-Direct Detection  25 
2.3.2 Remote Heterodyne Detection  26 
2.3.3 Optical Frequency Multiplying  28 
2.4 Previous Work  28 
2.4.1 Previous Work on CAP Modulation  28 
2.4.2 Previous Research Work on RoF System  32 
2.5 Continuation of Previous Work  35 
CHAPTER 3 RESEARCH METHODOLOGY 36 
3.1 Research Outline  36 
3.2 Design of a Classical 2D-CAP Modulation  37 
3.3 Design of High Dimensionality CAP  38 
3.4 Structure Design of a Point-to-Point Transmission  40 
3.5 Structure Design of RoF System  42 
3.6 Process of Verification  44 
3.6.1 Discrete Multitone Modulation  44 
CHAPTER 4 RESULTS AND ANALYSIS 46 
4.1 Overview  46 
4.2 Transmitter-Receiver CAP Modulation  47 
4.2.1 B2B of a Classical 2D-CAP Modulation  48 
4.2.2 B2B of a High Dimensionality CAP  49 
 x 
4.3 Results of P2P Transmission Medium  52 
4.3.1 Verification of P2P Transmission Medium  53 
4.3.2 High Dimensionality CAP for P2P 
Transmission  54 
4.4 Result of Radio-over-Fiber System  57 
4.4.1 Classical 2D-CAP Modulation for P2P and RoF 
System  58 
4.4.2 High Dimensionality CAP for P2P and RoF 
System  59 
4.4.3 Discrete Multitone Modulation for P2P and RoF 
System  61 
4.4.4 Verification and Comparison of CAP 
Modulation in RoF System  64 
4.4.5 Verification and Comparison of CAP and DMT 
Modulation in RoF System  66 
4.5 EVM Calculation for CAP-RoF Modulation System  67 
CHAPTER 5 CONCLUSION 70 
5.1 Summary of Point-to-Point Transmission System  70 
5.2 Summary of RoF System  71 
5.3 Conclusion  73 
5.4 Future Work  74 
5.4.1 Parameter Performance  74 
5.4.2 CAP Filters in Analogue Domain  74 
5.4.3 CAP Signals Using FPGA  75 
5.4.4 Different Types of Fiber  75 
5.4.5 Analysis in Experimental Work  75 
5.4.6 CAP signals in 5G Technology  76 
REFERENCES 77 
APPENDIX A 85 
VITAE 86 
 xi 
 
LIST OF TABLES 
2.1 Summary of literature review.  35 
3.1 Parameter setting  41 
4.1 Relationship between parameter signals.  48 
5.1 ROP at BER of 3108.2  for B2B and after 3 km SMF 
transmission.  70 
5.2 ROP at BER of 3108.2  for B2B, after 3 km SMF 
transmission, and RoF system of CAP modulation format.  72 
5.3 ROP at BER of 3108.2  for B2B, after 3 km SMF 
transmission, and RoF system of DMT modulation format.  73 
 
 
 xii 
LIST OF FIGURES 
1.1 Global mobile data traffic (Cisco, 2016).  2 
1.2 Global growth of mobile devices and connections (Cisco, 2016).  5 
1.3 Fiber optic connection of HAN scenario.  7 
1.4 Connection of Central Station (CS) and Base Station (BS) with 
different cell size.  8 
1.5 Scenario of HAN with various multimedia services in wired and 
wireless network.  9 
1.6 Scope of work.  11 
2.1 Block diagram of QAM transceiver (Othman M. B., 2012).  15 
2.2 Block diagram of CAP transceiver (Othman M. B., 2012).  15 
2.3 Block diagram of 2D-CAP transmitter and receiver.  16 
2.4 2D-CAP (a) Impulse response (b) Frequency response of two 
orthogonal filters (Othman M. B., 2012).  18 
2.5 Block diagram of 3D/4D-CAP transmitter and receiver.  19 
2.6 (a) Impulse and frequency responses: (b) Cross response of 
transceiver filters for 3D-CAP (M. B. Othman, 2012b).  21 
2.7 Transceiver filters for 4D-CAP: (a) Impulse response (b) 
Frequency response (c) cross response (M. B. Othman, 2012b).  22 
2.8 General concept of RoF system.  23 
2.9 Basic Radio-over-Fiber (RoF) system.  24 
2.10 Techniques of Radio-over-Fiber (RoF) system; (a) RF-over-
Fiber (b) IF-over-Fiber (c) Baseband-over-Fiber.  25 
2.11 IM-DD techniques by using: (a) Directly modulated RF (b) 
External modulator.  26 
2.12 Remote Heterodyne Detection (RHD) by using two lasers.  27 
2.13 BER vs. received optical power for (a) 3D-CAP at 2-L/D and 4-
L/D and (b) 4D-CAP at 2-L/D and 4-L/D (Othman et al., 2012).  29 
 xiii 
2.14 BER versus received optical power for two- and four-level, 1-, 
2-, and 3-D modulations (Stepniak, 2014).  30 
2.15 Experimental result for the 4-CAP over MMF system compared 
with standard OOK. SC: single cycle waveform, DC: double 
cycle waveform (Caballero et al., 2011).  31 
2.16 Constellation and eye diagram for 32-QAM transmission at 2 
GHz and 2 MSa/s. Left: Coaxial cable. Right: Fibre reel B 
(Wake et al., 2001).  33 
2.17 Constellation diagram RF-OFDM receiver (Karthikeyan & 
Prakasam, 2013).  34 
3.1 Flowchart of research work.  37 
3.2 Schematic diagram of classical 2D-CAP transmitter-receiver.  38 
3.3 Schematic diagram of a 3D-CAP transmitter and receiver.  39 
3.4 Integration of CAP signals for P2P transmission.  40 
3.5 Block diagram for P2P transmission using VPI Transmission 
Maker software.  41 
3.6 Integration of a CAP-RoF system design using IM-DD 
technique.  42 
3.7 Block diagram for CAP-RoF system design in VPI 
Transmission Maker software.  43 
3.8 Block diagram of a DMT system.  45 
4.1 Summary of the results output.  47 
4.2 2D-CAP (a) Impulse response (b) Frequency response of two 
orthogonal filters.  49 
4.3 2D-CAP constellation diagrams at (a) 2-L/D (b) 4-L/D.  49 
4.4 3D-CAP: (a) Impulse response (b) Frequency response (c) 
Cross response of transceiver filters.  50 
4.5 4D-CAP: (a) Impulse response (b) Frequency response (c) 
Cross response of transceiver filters.  51 
4.6 3D-CAP constellation diagrams at (a) 2-L/D (b) 4-L/D.  52 
4.7 4D-CAP constellation diagrams at (a) 2-L/D (b) 4-L/D.  52 
4.8 BER against ROP for 2D-CAP 2-L/D (2D-CAP-4) and 4-QAM-
DMT 64 subcarriers.  53 
 xiv 
4.9 BER against ROP for 3D-CAP at 2-L/D (3D-CAP-4) and 4-L/D 
(3D-CAP-16).  55 
4.10 BER against ROP for 4D-CAP at 2-L/D (4D-CAP-4) and 4-L/D 
(4D-CAP-16).  55 
4.11 BER against ROP for 3D-CAP and 4D-CAP at 2-L/D and 4-
L/D.  56 
4.12 BER against ROP for 2D-CAP, 3D-CAP and 4D-CAP.  57 
4.13 BER against ROP for 2D-CAP at 2-L/D and 4-L/D.  58 
4.14 BER against ROP for 3D-CAP and 4D-CAP at 2-L/D.  59 
4.15 BER against ROP for 3D-CAP and 4D-CAP at 4-L/D.  60 
4.16 BER against ROP for 4-QAM-DMT 64 and 128 subcarriers.  61 
4.17 BER against ROP for 4-QAM-DMT 128 and 256 subcarriers.  62 
4.18 BER against ROP for 16-QAM-DMT 64 and 128 subcarriers.  63 
4.19 BER against ROP for 16-QAM-DMT 128 and 256 subcarriers.  63 
4.20 BER against ROP for 2D, 3D, and 4D-CAP at 2-L/D.  65 
4.21 BER against ROP for 2D, 3D, and 4D-CAP at 4-L/D.  65 
4.22 BER against ROP for 3 km 2D-CAP and QAM-DMT.  66 
4.23 BER against ROP for RoF 2D-CAP and QAM-DMT.  67 
4.24 BER against EVM for 2D-CAP, 3D-CAP, and 4D-CAP at 2-
L/D.  68 
4.25 BER against EVM for 2D-CAP, 3D-CAP, and 4D-CAP at 4-
L/D.  68 
 
 
 xv 
LIST OF SYMBOLS AND ABBREVIATIONS 
W  - Bandwidth 
Bf  - Boundary frequency 
jg  - CAP receiver of FIR filter 
if  - CAP transmitter of FIR filter 
 nz  - Composite signals 
iF  - DFT of vector if  
is  - Dimensions 
cf  - Frequency suitable for passband filters 
1f  - In-phase filter 
min,Bf  - Minimum bandwidth 
N  - Modulation dimensionality 
k  - Number of bits per symbol 
D  - Number of dimensions 
L  - Number of levels in each dimension 
 nxi  - Original sequence of symbols 
HPiF ,  - Out-of-band portion of transmitter response above Bf  
2f  - Quadrature filter 
RCh  - RC waveform 
  - Roll-off factor 
 ifP  - Shift matrix that operates on vector if  
SRRCh  - SRRC waveform 
T  - Symbol period 
 nsi  - Symbol vector 
u  - Up-sampled signal 
 xvi 
0
~
 - Vector of all zeros 

~
 - Vector with one unity element 
µm - micrometre 
1D - 1-Dimensional 
2D - 2-Dimensional 
3D - 3-Dimensional 
3G - Third Generation 
4D - 4-Dimensional 
A/D - Analog-to-Digital 
ADC - Analog to Digital Converter 
ADSL - Asymmetric Digital Subscriber Line 
AM/PM - Amplitude Modulation/Phase Modulation 
ASICs - Application-Specific Integrated Circuits 
ASK - Amplitude Shift Keying 
ATM - Asynchronous Transfer Mode 
B2B - Back-to-back 
BBoF - Baseband-over-Fiber 
BER - Bit Error Rate 
Bit/s/Hz - Bit per second per Hertz 
BS - Base Station 
CAP - Carrierless amplitude phase 
CATV - Community Access Television 
CCI - Cross-channel Interference 
CD - Chromatic Dispersion 
CPFSK - Continuous-Phase Frequency Shift Keying 
CS - Central Station 
CW - Continuous Wave 
D/A - Digital-to-Analog 
D8PSK - Differential 8-ary Phase-Shift Keying 
DAC - Digital to Analog Converter 
DAS - Distributed Antenna System 
dB - decibel 
dBm - millidecibel 
 xvii 
DBPSK - Differential Binary Phase-Shift Keying 
DFE - Decision Feedback Equalization 
DFT - Discrete Fourier Transform 
DMLs - Directly Modulated Lasers 
DMT - Discrete Multitone 
DM-VCSELs-based - Directly Modulated VCSELs-based 
DQPSK - Differential Quadrature Phase-Shift Keying 
DR - Dynamic Range 
DSL - Digital Subscriber Line 
DSP - Digital Signaling Processing 
E/O - Electrical-to-Optical 
EMLs - External Modulated Lasers 
EVM - Error Vector Magnitude 
FDC - Fiber Distribution Cabinet 
FDP - Fiber Distribution Point 
FEC - Forward Error Correction 
FFT - Fast Fourier Transform 
FIR - Finite Impulse Response 
FPGA - Field-Programmable Gate Array 
FPI - Fabry-Perot Interferometer 
FTB - Fiber Termination Box 
FTTH - Fiber-to-the-Home 
FWS - Fiber Wall Socket 
Gbps - Gigabit per second 
GHz - GigaHertz 
GPRS - General Packet Radio Service 
GSa/s - Gigasample per second 
GSM - Global System for Mobile  
HAN - Home Access Network 
HD - High-Definition 
HDTV - High Definition Television 
I - In-phase 
ICI - Inter-carrier Interference 
IFFT - Inverse Fast Fourier Transform 
 xviii 
IFoF - Intermediate Frequency-over-Fiber 
IM-DD - Intensity Modulation-Direct Detection 
IQ - Inphase-Quadrature 
ISI - Inter-symbol Interference 
ISM - Industrial, Scientific, and Material 
km - kilometer 
L/D - Level per Dimension 
LANs - Local Area Networks 
LO - Local Oscillator 
M2-CAP -  Multi-level Carrierless Amplitude Phase 
mA - milliAmpere 
Mbaud - Megabaud 
Mbps - Megabit per second 
MCMC  - Malaysian Communications and Multimedia 
Commission 
MMF - Multi-mode fiber 
mm-wave - milimetre-wave 
M-PAM - Multi-level Pulse Amplitude Modulation 
MSK - Minimum Shift Keying 
MZI - Mech-Zehnder Interferometer 
MZM - Mech-Zehnder Modulator 
NF - Noise Figure 
NGA - Next Generation Access 
nm - nanometre 
NRZ - Non-Return Zero 
NRZ-OOK - Non-Return Zero On-Off Keying 
O/E - Optical-to-Electrical 
OA - Optimization Algorithm 
ODMA - Orthogonal Division Multiple Access 
OFDM - Orthogonal Frequency Division Multiplexing 
OFM - Optical Frequency Multiplying 
ONU - Optical Network Unit 
OOFDM - Optical Orthogonal Frequency Division Multiplexing 
OOK - On-Off Keying 
 xix 
OQPSK - Offset Quadrature Phase Shift Keying 
P2P - Point-to-Point 
PAM - Pulse Amplitude Modulation 
PAPR - Peak-to-Average Power Ratio 
PD - Photodetector 
PIN PD - Positive-Intrinsic-Negative Photodetector 
PMD - Polarization Mode Dispersion 
PMMA - Polymetyl Methacrylate 
POF - Polymer Optical Fiber 
PON - Passive Optical Network 
PR - Perfect Reconstruction 
PRBS - Pseudo random binary sequence 
PSK - Phase Shift Keying 
Q - Quadrature 
QAM - Quadrature Amplitude Modulation 
QPSK - Quadrature Phase Shift Keying 
RAP - Radio Access Point 
RAU - Remote Antenna Unit 
RC - Raised Cosine 
RC-LED - Resonance Cavity Light Emitting Diode 
RF - Radio Frequency 
RFoF - Radio Frequency-over-Fiber 
RGB-LED-based - Red, Green, Blue-Light Emitting Diode-based 
RHD - Remote Heterodyne Detection 
RoF - Radio-over-Fiber 
ROP - Received Optical Power 
RRC - Root-Raised Cosine 
RZ - Return Zero 
SE - Spectral Efficiency 
SFDR - Spurious Free Dynamic Range 
SI-POF - Step-Index Plastic Optical Fiber 
SMF - Single-mode fiber 
SM-VCSEL - Single-mode VCSEL 
SNR - Signal-to-Noise Ratio 
 xx 
SRRC - Square-root Raised Cosine 
SSB - Single-Sideband 
SSMF - Standard single-mode fiber 
TDM - Time Division Multiplexing 
VCSELs - Vertical Cavity Surface Emitting Lasers 
VDSL - Very-high-bite-rate Digital Subscriber Line 
VLC - Visible Light Communication 
VOA - Variable Optical Attenuator 
VoD - video-on-Demand 
VoIP - Voice-over-IP 
WDM - Wavelength Division Multiplexing 
Wi-Fi - Wireless Fidelity 
WLANs - Wirelss Local Area Networks 
xQAM - x-Quadrature Amplitude Modulation 
 
 
 xxi 
 
LIST OF PUBLICATIONS 
Journals: 
(i) 
 
 
 
(ii) 
 
 
 
(iii) 
M. B. Jaafar, M. B. Othman, N. M. Ridzuan, M. F. L. Abdullah, “1.25 Gbps 
and 2.5 Gbps Data Rate Transmission of 2D-CAP Modulation for Access 
Network”, ARPN Journal of Engineering and Applied Science, 11(8), 5066-
5070. April 2016. (published) 
N. M. Ridzuan, M. B. Jaafar, M. B. Othman, M. F. L. Abdullah, “Optical 
Transmission System Employing Carrierless Amplitude Phase (CAP) 
Modulation Format”, ARPN Journal of Engineering and Applied Science, 
11(14), 8776-8780. July 2016. (published) 
M. B. Jaafar, M. B. Othman, N. M. Ridzuan, M. F. L. Abdullah, 
“Simulation of High Dimensionality Carrierless Amplitude Phase (CAP) 
Modulation Technique of RoF system”, IET Optoelectronic. (On-going) 
Proceedings: 
(i) M. B. Jaafar, M. B. Othman, N. M. Ridzuan, M. F. L. Abdullah, R. 
Mohamad, T. Kanesan, “Simulation of High Dimensionality Carrierless 
Amplitude Phase (CAP) Modulation Technique”, 6th International 
Conference on Photonics (ICP). 14-16 March 2016. Kuching, Sarawak. 
(published) 
(ii) N. M. Ridzuan, M. B. Othman, M. B. Jaafar, M. F. L. Abdullah, 
“Comparison of CAP and QAM-DMT Modulation Format for In-home 
Network Environment”, IDECON 2016. 19-20 October 2016. Langkawi. 
(presented) 
  
 xxii 
LIST OF AWARD 
(i) Bronze Medal in Research & Innovation (R&I) Festival UTHM (2-3 
November 2014): 
M. B. Jaafar, M. B. Othman, N. M. Ridzuan, M. F. L. Abdullah. “2D-CAP 
Modulation for In-home Network.” 
 
(ii) Bronze Medal in Malaysia Technology Expo (MTE) 2015 (12-14 February 
2015): 
M. B. Othman, I. Tafur Monroy, J. B. Jensen, M. B. Jaafar, N. M. Ridzuan, M. 
F. L. Abdullah. “High Dimensionality CAP Modulation Technique for Access 
Network.” 
  
1CHAPTER 1 
INTRODUCTION 
1.1 Overview 
This chapter discusses the background of advanced modulation scheme for optical 
communication system and optical carrierless amplitude phase (CAP) modulation 
format. A scenario of home area network (HAN) and an overview of Radio-over-
Fiber (RoF) system architecture are briefly described to define the significance of 
CAP modulation format. The problem statement is also discussed along with the 
objectives and scope of work.  
1.2 Background of Study 
The development of new technologies in telecommunication systems has increased 
the demand of new devices that require better network planning and design. This is 
due to fact that conventional communication network infrastructures such as twisted-
pair telephony and coaxial cable CATV networks are not suitable enough in the 
growth of recent network traffic demand, as shown in Figure 1.1 (Cisco, 2016). From 
the figure, mobile data traffic is expected to grow to 30.6 exabytes per month by 
2020.  
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Figure 1.1: Global mobile data traffic (Cisco, 2016). 
 In high-speed communication networks, the digital subscriber line (DSL) 
techniques, namely asymmetric digital subscriber line (ADSL), very-high-bit-rate 
digital subscriber line (VDSL), and cable modem are employed. However, the cost of 
these systems is too high. Therefore, wireless technology and fiber optics have 
revolutionized these local telecommunications network, so that high-speed 
communication networks can be developed at an affordable cost. 
1.2.1 Introduction to Advanced Modulation Format for Optical 
Communication System 
Optical fiber communication systems are widely utilized mainly for two reasons. 
Firstly is the requirement to obtain lower cost and secondly, is the wider bandwidth 
due to the increase of data exchange (Winzer & Essiambre, 2006). Recently, multiple 
wavelength channels have received special attention in optical fiber communication 
system to obtain higher data exchange. However, the system are costly and can be 
reduced by using a minimum number of wavelengths. Hence, different modulation 
formats are utilized in future optical networks that rely on the system features, bit 
rate, and network size (Mishina et al., 2006). 
Consequently, on-off keying (OOK) in both of non-return to zero (NRZ) and 
return-to-zero (RZ) are becoming the main modulation formats for most of the 
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optical communication systems (Gnauck & Winzer, 2005).  The NRZ-OOK is 
deployed in long-haul high-speed 10 Gigabit per second (Gbps) transmission 
networks (Borne, 2008). However, these modulation formats present low spectral 
efficiency for future high speed networks. 
Recently, higher order modulation formats are broadly studied for long haul 
optical communication systems. These high order modulation formats include 
quadrature phase shift keying (QPSK), quadrature amplitude modulation (QAM), 
and orthogonal frequency division multiplexing (OFDM) with coherent detection and 
digital signaling processing (DSP) algorithm (Tao et al., 2013). For external 
modulation, IQ modulator is normally utilized at the transmitter, and optical hybrid 
and local oscillators together with DSP algorithms at the receiver. These sources are 
implemented by using application-specific integrated circuits (ASICs) for signal 
detection.  
However, coherent detection technique is unrealistic to be used for short 
reach communication link. In addition, the use of IQ modulator and optical hybrid 
does not only increase the system cost, but also increases the complexity of system 
integration. The short reach optical communication system requires a low-cost light 
sources. For example, directly modulated lasers (DMLs), vertical cavity surface 
emitting lasers (VCSELs), and external modulated lasers (EMLs). These sources 
directly detect the signal at the optical receiver. Therefore, no optical phase 
information will be accessible.  
As a result, further research need to be done to increase the system spectral 
efficiency when using DML, EML, VCSEL or direct detection. Moreover, the 
atention over advanced modulation schemes that include pulse amplitude modulation 
(PAM) (Wei, Geng, et al., 2012  & Ghiasi et. al., 2012), carrierless amplitude phase 
(CAP) modulation (Othman M. B., 2012 & Lopez, 2013), direct detected OFDM and 
discrete multitone (DMT) modulation (Othman M. B. et al., 2014 & Gui T., 2013) 
are also necessary. 
1.2.2 Introduction to Carrierless Amplitude Phase Modulation Format 
CAP modulation technique is a multilevel and multidimensional modulation scheme 
that shows certain similarities to QAM in terms of its capability to transmit two data 
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streams in parallel. However, CAP does not involve the generation of sinusoidal 
carriers at both transmitter and receiver, but the filters with orthogonal waveforms 
are used to separate different data streams. Due to this contradiction, CAP receiver is 
simpler than the QAM receiver but still achieving the same spectral efficiency and 
performance (Olmedo et al., 2013).  
The interest in CAP lies in its well-known spectral efficiency (SE), which 
makes it very competitive with OFDM. Recently, CAP has gained attention in 
optical communication due to its potentially high SE (Ingham et. al., 2011 & 
Wieckowski et. al., 2011). The interesting feature of CAP is its ability to reach out to 
more than two dimensions, where each dimension modulates different service. This 
ability enables CAP to support numerous service differentiations with the absence of 
wavelength division multiplexing (WDM) or time division multiplexing (TDM) for a 
single optical channel. Besides that, at detection part, it only requires a single optical 
receiver to support different services and can be retrieved by match filtering of the 
received signal. 
Moreover, CAP modulation scheme is less complex than OFDM. CAP 
modulation has an ability to generate data at high speed with the use of readily 
available low-cost transversal filters (Ingham et al., 2011). CAP is also a single-
carrier scheme that can achieve high bit rates (Wei, Ingham et. al., 2012a). In 
addition, CAP modulation scheme consumes a significantly less power than OFDM 
in a system (Wei et. al., 2012b). 
On top of that, the flexibility of CAP technique indicates that the generation 
of passband channels can be achieved through a software-controlled adjustment. This 
is possible because of the presence of tap coefficients in electronic filters that does 
not require a mixer and local oscillator for up-conversion (Ingham et al., 2011). In 
addition, CAP modulation gives an outstanding performance in producing compact 
and efficient optoelectronic devices that makes optical communication system 
networks to be much simpler with low power signal processing and high data 
transmission rate at a low cost.  
The employment of CAP modulation in RoF system could be an interesting 
area to explore. CAP modulation scheme provides the realization of higher 
dimensional modulation scheme that can be explored for the use in optical short-
range transmission based on the intensity modulation-direct detection (IM-DD) RoF 
system. Zhang (Zhang et. al., 2013) has studied CAP-based modulation format in the 
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RoF system for the first time. It states that cost-effective system design must be 
achieved to sustain a wide range of extended services, capacity and mobility. 
However, the work is focused only on 2D-CAP.  
1.2.3 Introduction to Home Area Network in Optical Transmission 
Home networking has turned into a convergence point in the next generation digital 
infrastructure. The advancement in technology has enabled television, household 
appliances, stereos, and home security systems, just to name a few – to be potentially 
connected to a network. Digitization is the key technology to support the connection 
and communication over the expanding digital networks.  
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Figure 1.2: Global growth of mobile devices and connections (Cisco, 2016). 
Recently, device combination is getting smarter with higher computing 
resources and network connection abilities that creates a growing request for 
intelligent networks. This is supported by the data of global growth of mobile 
devices and connections from Cisco (Cisco, 2016), as can be viewed in Figure 1.2. It 
can be analyzed from Figure 1.2 that smart devices and connections will increase 
from 36% in 2015 to 67% by the year 2020.    
End users are witnessing a noticeable development in the use of personal 
communication services such as video, voice, and data transmission. The demand of 
both residential and business customers worldwide has evolved from a simple e-mail 
 6 
exchange and limited business file transfer to multiple services that require a 
broadband access. The broadband access supports extensive applications. For 
example, high speed internet, online gaming, high-definition television (HDTV), 
video-on-demand (VoD), and voice-over-IP (VoIP).  
The growing demand has put a severe pressure on communication network 
infrastructure to provide higher bandwidth that is capable in supporting multiple 
services. This has resulted in the evolution of short-range and wired access networks 
from copper-based transmission systems with limited coverage and bandwidth to the 
use of photonic technologies that can achieve high capacity and long reach links 
(Gaudino et al., 2010).  
The optical region of an electromagnetic spectrum has long been considered 
attractive to communication apart from the heavily used radio and microwave 
frequencies. The development of laser technologies that provides a stable source of 
coherent light for transmission of signals has embarked the research work in optical 
fiber communication. The deployment of optical fiber and photonic technologies in 
home networks as a medium for both wired and wireless services is considered as a 
key solution to meet the growing demand (Koonen et. al., 2009). 
Home area network (HAN) is a network that operates within a small 
boundary, typically a house. It enables the communication and sharing of resources 
between computers, mobile, and other devices. As an IP-based local area network 
(LAN), a HAN may be wired or wireless. In a typical implementation, a HAN 
consists of a broadband internet connection that is shared between multiple users 
through a third party wired or wireless modem. The scenario of HAN in fiber optic 
connection are demonstrated in Figure 1.3. A HAN needs to convey a huge variety of 
services that offers wide bandwidth, reliability, and quality of service (Koonen et. al., 
2014). These parameters can be increased by utilizing different transmission and 
modulation formats. The properties of optical fiber such as higher bandwidth and low 
loss with advanced modulation formats have made fiber-to-the-home (FTTH) as one 
of the shining stars in the next generation access (NGA) family for faster data 
transfer and broadband service distribution. 
 7 
Internet
Central Office
Access Network
Home Area Network
FDC
FDP
FTB
FWS
ONU
RF
 FDC: Fiber distribution cabinet
 FDP: Fiber distribution point
 FTB : Fiber termination box
 FWS: Fiber wall socket
 ONU: Optical network unit
 RF : Radio frequency
 SMF: Singlemode fiber
SMF
 
Figure 1.3: Fiber optic connection of HAN scenario. 
The NGA refers to the access technology. For example, optical fiber, copper 
or wireless that are deployed in the street cabinet close to customer premises or 
directly to the customer premises (Chanclou et. al., 2008). NGA is used to describe 
the fiber connections that are becoming closer to end users. RoF technique in 
wireless technologies can be considered as NGA since these technologies can 
provide vital option to extend and improve broadband coverage. 
1.2.4 Introduction to Radio-over-Fiber System Architecture 
Future wireless system must offer higher data speed to support popular bandwidth-
hungry applications such as High-Definition (HD) video and high-speed internet. 
Owing to the frequency spectra limitation at low frequencies and congestion caused 
by the large number of users sharing the same frequency spectra, it will be necessary 
to develop higher carrier frequencies in the future to achieve faster wireless 
communication (Ng’oma et. al., 2009a). In addition, the increasing number of users 
will impose limitation to data communication. 
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Figure 1.4: Connection of Central Station (CS) and Base Station (BS) with different 
cell size. 
In high-speed network, the reduced amount of users per cell is the key to 
enhance the throughput per user and supporting high data rate. The number of users 
can be reduced by designing networks with a very small cell size (Kornain et. al., 
2013) which is known as micro-cells or pico-cells as depicted in Figure 1.4. 
However, by reducing the cell size, the number of radio interfaces in the installation 
area can be high and in some situations, hundreds of antennas are required to cover 
the service area, which leads to high cost of installation, operating system and 
maintenance that are economically impractical for HAN environment.   
The other way to reduce the amount of users per cell is by utilizing a new 
frequency band of operation since the unlicensed Industrial, Scientific, and Medical 
(ISM) frequency band are already congested (Zin et. al., 2010). Most of the 
developers are more inclined towards millimetre-wave (mm-wave) as another band 
of operations (Qiu, X. S., et. al., 2008). However, the increasing frequency will give 
rise to the higher cost of equipment, maintenance, and installation parts. Thus, the 
most effective and efficient way is to use RoF technology in the communication 
network system. 
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Figure 1.5: Scenario of HAN with various multimedia services in wired and wireless 
network. 
RoF is a combination of radio frequency (RF) and optical systems. RoF 
increases channel capacity with high data rate but working at a reduced cost and low 
power consumption. The architecture of RoF system for HAN, where a fiber optic is 
used as a backbone of the building is demonstrated in Figure 1.5. Fiber distribution 
point (FDP) provides an optical transmission medium for physical connection 
between the CS and optical network units (ONUs). Meanwhile, fiber wall socket 
(FWS) that is located on the house wall is used as fiber outlet to connect to each 
ONUs, before ONUs convert the optical to electrical signals. 
In order to achieve multi-standard operation, RoF system should able to 
manage wireless signals with various characteristics. One of the major characteristics 
is the signal modulation format. Therefore, RoF system must capable to support both 
single-carrier with multilevel modulation formats. For instance, CAP and QAM, as 
well as multi-carrier modulation formats such as DMT and OFDM. These two 
modulation schemes have the capabilities to carry out different performance 
requirements with respect to channel uniformity and peak-to-average power ratio 
(PAPR) (Ng’oma et. al., 2009a).   
By dealing with these cases, it is important to employ RoF system by using 
an IM-DD technique in order to reduce the cost and at the same time providing the 
required performance. IM-DD is a technique to optically distribute RF signal, by 
directly modulating the intensity of light source with the RF signal itself. 
Photodetector (PD) will then perform direct detection to recover the RF signal. 
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1.3 Problem Statement 
Despite the fact that RoF system is an analog transmission system, the data 
signal itself is possible to be in a digital format such as ASK and PSK. In addition, 
advanced modulation formats such as OFDM and QAM are suggested due to the 
increasing transmission distance and bit rate per channel. However, most of the 
advanced modulation formats have complex system designs and constraint in level 
enhancement flexibility.  
Thus, RoF system configuration is one of the solutions to avoid high system 
installation and maintenance, as well as to support the growing traffic volumes. In 
addition, advanced modulation format like CAP is also recommended due to the 
absence of local oscillator that can reduce the complexity and system cost, along 
with the high capacity and spectral efficiency.  
Higher dimensionality of CAP modulation format is proposed in optical 
communication network (Othman, 2012). However, there is no insertion of RF signal 
that has been reported in that work. Another work (Zhang et. al., 2014) has 
investigated the CAP-64QAM RoF system, but it is only for 2D-CAP modulation 
and no extension to higher dimension. Hence, this research work aims to investigate 
the multilevel and multidimensional CAP modulation format to be implemented into 
optical point-to-point (P2P) transmission and RoF system for home network. The 
results of CAP modulation scheme are also compared with DMT modulation format 
to verify the performance.  
1.4 Objectives  
The objectives of this work are as follows: 
(i) To investigate the multilevel multidimensional CAP modulation technique in 
RoF system. 
(ii) To compare the performance of advanced modulation scheme (CAP and DMT 
modulation formats). 
(iii) To analyse the bit error rate (BER) against received optical power (ROP) and 
error vector magnitude (EVM) performance in RoF system.  
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1.5 Scope of Project 
The scope of the work is to investigate the multilevel multidimensional CAP 
modulation technique in wired and wired-wireless systems, known as P2P and RoF 
for downlink in-home networks. In P2P and RoF systems, the CAP has been verified 
over the 3 km single-mode fiber (SMF) that is based on industrial applications 
(Hiramoto, Shishikura, Takai, & Traverso, 2007). The 1310 nm single-mode vertical 
cavity surface emitting laser (SM-VCSEL) is directly modulated with the CAP 
signals in P2P transmission. The IM-DD technique has been used in RoF system due 
to its simplicity. The BER performance are analyzed against the received optical 
power for P2P and RoF systems. In addition, the EVM performance metrics are 
investigated. The summary of the scope is depicted in Figure 1.6. 
The work is complete after fulfilling the activities as follows: 
(i) Develop CAP modulation by using MATLAB software. 
(ii) Design networks by using the VPI Transmission Maker software to be 
integrated with the CAP signal. 
(iii) Generate and analyse the results based on the BER performance against 
received optical power for P2P and RoF system, and EVM performance for 
CAP-RoF system. 
CAP AND DMT
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(P2P)
Radio-over-fiber 
(RoF)
· 2D-CAP-4
· 3D-CAP-4 and 3D-CAP-16 
· 4D-CAP-4 and 4D-CAP-16
· 4-QAM DMT 
64 subcarriers
· 2D-CAP-4 and 2D-CAP-16
· 3D-CAP-4 and 3D-CAP-16
· 4D-CAP-4 and 4D-CAP-16
· 4-QAM DMT 64, 128, and 256 
subcarriers
· 16-QAM DMT 64, 128, and 256 
subcarriers
Bit error rate 
(BER) · Bit error rate (BER)
· Error vector magnitude (EVM)
 
Figure 1.6: Scope of work. 
1.6 Thesis Organization 
This work is focusing on the CAP modulation format for basic optical transmission 
and ROF transmission. The thesis is organized in five chapters. In Chapter 1, the 
introduction and background of HAN, RoF architecture, and advanced modulation 
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schemes are discussed along with an overview of CAP modulation format. This 
chapter also deliberates the problem statement and objectives. Furthermore, the 
scope is stated based on the limitations that take into consideration the budgetary 
constraints.  
Chapter 2 gives an in-depth review and a theoretical background of CAP 
modulation and RoF system architecture. For CAP modulation, the review on 
classical 2D CAP and high dimensionality CAP are defined separately. Then, the 
technique of RoF configuration is described. There are three techniques known as 
IM-DD, remote heterodyne detection (RHD), and optical frequency multiplying 
(OFM). In addition, the previous work on CAP modulation and RoF system are 
discussed, followed with the continuation of previous work.  
Chapter 3 discusses the structure of classical 2D CAP and high 
dimensionality CAP. The CAP signal is then implemented in P2P transmission and 
RoF system, where the proposed block diagrams are designed. Moreover, CAP 
modulation is compared with DMT modulation to verify the performance of 
advanced modulation scheme.  
Chapter 4 is dedicated to results and analysis of the work along with the 
validation of results in Chapter 3. The results can be divided into three subsections; 
back-to-back (B2B) CAP signal and integration into P2P transmission and RoF 
systems. BER measurement is also extended for EVM estimation.  
Lastly, in Chapter 5, the conclusion, research findings, and future works of 
CAP-RoF system are discussed. 
  
2CHAPTER 2 
LITERATURE REVIEW 
In this chapter, the previous work on CAP modulation technique and RoF system are 
elaborated. Firstly, the chapter discusses advanced modulation formats and focuses 
on CAP modulation technique for classical 2D-CAP and high dimensionality CAP. 
In addition, a brief concept of RoF system is explained with the techniques used to 
generate and transport microwave signals over fiber.    
2.1 Advanced Modulation Format 
Initially, optical communication systems utilized a simple modulation format by 
basically sending light that refers to the binary signal “1” and binary signal “0” for 
not sending light (Tokle et. al., 2008), that is recognized by OOK. OOK and NRZ 
were the dominant optical modulation format in IMDD fiber optic systems. 
However, channel spacing decreases once the bit rate per channel and transmission 
distance increase. This permits the utilization of advanced modulation formats as it 
will improve the receiver sensitivity and facilitate the channel bit rate from the 
limitation of binary systems (Tokle et al., 2008).  
Multiple wavelength channels can be used to increase the total capacity of an 
optical network. Other than that, the utilization of more advanced modulation 
formats can fulfill the requirements of high data rate in high capacity optical 
network.  
 Multilevel modulation formats, such as differential quadrature phase shift 
keying (DQPSK) and QAM are advanced modulations that have gained increasing 
attention in optical communications (Winzer & Essiambre, 2006). One example is a 
differential binary phase-shift keying (DBPSK) (Shieh et. al., 2008). In addition, 
(Tokle et al., 2008) has proposed new multilevel advanced modulation formats that 
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involve a combination of amplitude shift keying (ASK) and DQPSK, DQPSK with 
inverse-RZ pulse shape and differential 8-ary phase shift keying (D8PSK).  
(Zhou & Yu, 2009) discussed that spectral utilization can be increased by 
increasing the number of dimensions and levels. CAP modulation has received 
attention in the early and mid-1990s (Werner, 1992 & 1993). The development in 
CAP modulation has sparked the development of DSL technique used for private 
consumers (asymmetric DSL) (Tang, Thng, & Li, 2003). A continuous effort from 
Bell Labs has led to CAP being a part of early DSL and asynchronous transfer mode 
(ATM) specification and was almost proposed as an optional to DMT modulation. 
2.2 Carrierless Amplitude Phase Modulation 
CAP modulation scheme is a multilevel and multidimensional modulation format. 
The bandwidth efficiency of CAP modulation scheme is demonstrated by two steps 
(Ahmed Shalash & Perhi, 1997). The first step is by multilevel encoding of the data 
stream and the other step is by using efficient orthogonal signature waveforms; one 
for each dimension. These waveforms are gained from the frequency domain filters 
with orthogonal impulse response to modulate different data streams. 
CAP modulation scheme is derived from the QAM modulation. The 
fundamental difference between both modulation schemes is the way the signal is 
generated. The principle of CAP modulation is similar to QAM as in supporting 
multiple levels and modulations in more than one dimension. Figure 2.1 illustrates 
the block diagram of QAM transmitter-receiver (transceiver) and Figure 2.2 indicates 
the block diagram of CAP transceiver. From the figures, it shows that, CAP does not 
require the generation of a sinusoidal carrier at the transceiver as opposed to QAM. 
This leads to less expensive and complex digital transceiver implementation as 
intensive computation of multiplication operations is needed for carrier modulation 
and demodulation. In addition, the absence of carrier can increase the bandwidth 
flexibility of the system. Various types of CAP modulations are discussed in the next 
section. 
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Figure 2.1: Block diagram of QAM transceiver (Othman M. B., 2012).  
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Figure 2.2: Block diagram of CAP transceiver (Othman M. B., 2012). 
2.2.1 Classical 2D-CAP Modulation 
Basically, the idea of CAP system is to use different signals as signature waveforms 
to modulate different data streams. At the transmitter, the signature waveforms are 
generated by orthogonal shaping filters, while at the receiver, the individual data 
streams are reconstructed by matched filtering. The match filter used in the receiver 
has an impulse response which is an inverse of the filter’s impulse response in the 
transmitter. 
It can be observed from Figure 2.3 that data in the transmitter has to be 
mapped (encoded) according to the given constellation by converting the number of 
raw data bits into multilevel symbols. These symbols are up-sampled and shaped by 
the CAP filters in order to achieve the desired waveforms. Thus, the signals are 
required to have transmission properties that include a limited bandwidth, zero inter-
symbol interference (ISI), and zero cross-channel interference (CCI) to allow a 
perfect reconstruction (PR) at the receiver side. 
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Figure 2.3: Block diagram of 2D-CAP transmitter and receiver. 
In 2-dimensional CAP (2D-CAP) modulation, shaping filters use the property 
of a square-root raised cosine (SRRC) filter with zero-ISI, merged with the 
orthogonal property of sine and cosine waveforms that has zero-CCI. However, 
before components can be filtered, symbols have to be up-sampled in order to meet 
the sampling rate criterion. The sampling rate has to be at least two times higher than 
the highest frequency component of the generated signal. The usual up-sampling 
factors are 3 or 4, depending on the roll-off factor of the raised cosine (RC) filter 
used to design the shaping filter. The reason for selecting the proper value of up-
sampling factor is to avoid any aliasing effects.  
The most important part of the CAP system is a proper shaping filter. CAP 
modulation format of 2D-CAP employs a product of a SRRC with sine and cosine 
waveforms in order to achieve the PR in the receiver. The SRRC filters are widely 
used for matched filtering. A combination of two SRRC filters, which are 
transmitting and receiving filters produces a RC filter. The raised cosine waveform 
can be numerically defined as in (2.1) and the SRRC waveform can be expressed 
numerically as in (2.2) (Othman M. B., 2012), where T is a symbol period and α is 
the roll-off factor that is influences the amount of excess bandwidth. 
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It is defined that for any filter design, the roll-off factor is a crucial parameter. 
The roll-off factor for baseband systems can be illustrated in (2.3), where W is the 
bandwidth used by the signal and 
T2
1
 is a minimum bandwidth required for the 
baseband signal at a symbol rate of T. However, for the passband modulation, the 
numerical equation changes, where 
T2
1
 becomes 
T
1
 in order to allocate a frequency 
space for the positive and negative sidebands of the signal.  
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It is important to mention that RC and SRRC are baseband filters that are 
suitable for shaping baseband signals such as PAM. This can be accomplished with 
minor alteration by relocating the filter into the passband. The same operation is 
performed in CAP systems. The continuous-time impulse response of the CAP filters 
can be expressed by using (2.4) and (2.5), where fc is a frequency suitable for the 
passband filters.  Filter f1 is called the in-phase filter and filter f2 is called the 
quadrature filter.  
   tfthf cSRRC 2cos1      (2.4) 
   tfthf cSRRC 2sin2      (2.5) 
The impulse response of both filters generate a pair of waveforms, f1 and f2 
that constitute a Hilbert pair. In Hilbert pair, the two signals of the same magnitude 
and phase response are shifted by 90o as demonstrated in Figure 2.4. It presents the 
impulse and frequency responses of a typical CAP filter with an up-sampling factor 
of 4. The resultant of two orthogonal signals are added and converted from digital to 
analog form.  
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Figure 2.4: 2D-CAP (a) Impulse response (b) Frequency response of two orthogonal 
filters (Othman M. B., 2012). 
At the receiver side, the signals are converted back to digital form. The 
matched filter is created by reversing the order of coefficients in the filter to retrieve 
the original sequence of symbols. The symbols are then down-sampled and de-
mapped (decoded), so that the original data can be recovered. This 2D-CAP system 
has limited capacity for the system. In the next section, higher dimension of CAP 
modulation scheme is discussed that provides an enhancement in the capacity of 
CAP modulation system. 
2.2.2 High Dimensionality CAP Modulation 
The CAP modulation system can be expanded by using higher dimension signalling 
or by increasing the number of levels in the multilevel encoding. The idea stems 
from the modulation of data streams by using more than two signature waveforms. 
However, the main challenge in designing the signals used as signature waveforms is 
the orthogonality over multiple symbol periods. The number of bits per symbol with 
CAP modulation is expressed in (2.6), where D is the number of dimensions and L is 
the number of levels in each dimension: 
 LDk 2log.     (2.6) 
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Figure 2.5: Block diagram of 3D/4D-CAP transmitter and receiver. 
The high dimensionality CAP modulation of type 3D/4D is demonstrated in 
Figure 2.5. It illustrates that a 3D/4D CAP modulation has a transmitter and receiver. 
In the transmitter, data is mapped (encoded) according to the constellation by 
converting the number of raw data bits into multilevel symbols. These symbols are 
up-sampled and shaped by the CAP filters so that the desired waveforms can be 
reached.  
In high dimensionality CAP modulation, the required sample/symbol ratio is 
linearly proportional to the number of dimensions (A. F. Shalash & Parhi, 1999). 
Thus, the up-sampling factor must be increased in order to support the increased 
number of dimensions. The spectral efficiency is not upgraded by increasing the 
number of dimensions. However, the additional dimensions can be used to support 
multiple access applications. 
It is important to mention that the Hilbert pair that is used for 2D-CAP 
modulation cannot be used for 3D and 4D. Thus, a new set of filters should be 
designed and added to match with the dimensions required in the system. It is 
essential for transceiver filter combination to fulfil the orthogonality or PR criteria in 
order to avoid interdimensional crosstalk. However, the filter design with optimized 
orthogonality for higher orders is a challenge (A. F. Shalash & Parhi, 1999).  
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Finite impulse response (FIR) filter of CAP transmitter and receiver can be 
defined by using (2.7) and (2.8) (Othman M. B., 2012) and the variables fi and gj, 
respectively where  ifP  is a shift matrix that operate on vector fi, 
~
 is a vector with 
one unity element, and 0
~
 is a vector of all zeros: 
   NjigfP ji ...,3,2,1,,
~
     (2.7) 
   NjigfP ji ,...3,2,1,,0
~
    (2.8) 
The optimization algorithm for high dimensionality CAP can be defined in (2.9): 
 HPNHPHPHP
ffff
FFFF
N
,,3,2,1
...,,
,...,,maxmin
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  (2.9) 
The PR condition in (2.7) and (2.8) will yield the (2.10), where Fi is a Discrete 
Fourier Transform (DFT) of vector fi and Fi,HP is an out-of-band portion of the 
transmitter response above the fB: 
   Njifinverseg ij ...,3,2,1,     (2.10) 
The boundary frequency, fB ensures the receiver frequency magnitude 
response to be the same as the transmitter. This implies that the out-of-band spectral 
content of the filters is zero.  
In 1-dimensional (1D) PAM, Nyquist has verified that to avoid ISI such as 
PR condition for one dimension, a minimum bandwidth of 
T2
1
 is required. In this 
case, 
T
1
 is the baud rate. Similarly, for a 3D-CAP or higher dimension CAP system, 
there is a minimum bandwidth, fB,min that will allow PR condition, and any values 
that are smaller than fB,min will not give any results for PR solution. 
In a 3D-CAP system, (Tang et al., 2003) has proven that the value of fB is at 
least equivalent to or larger than T23  to maintain the PR condition. The responses 
of digital transceiver filters for 3D-CAP and 4D-CAP modulation systems are 
demonstrated in Figure 2.6 and Figure 2.7. In both figures, part (a) shows the 
impulse and frequency responses for each of the signal, and part (b) shows the cross 
response of the transceiver filter. The impulse only exists at the cross responses of f1 
and g1, f2 and g2, f3 and g3, f4 and g4, and zeros at the other transceivers. For instance, 
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f1 and g2, f1 and g3, etc. The transceiver filter combination satisfies the PR criteria 
that complies with equation (2.7) and (2.8).   
The high dimension CAP modulation discussed previously defines the 
concept and review on the designs of 3D and 4D CAP modulation systems. The 
application of this high dimension CAP modulation can be implemented for different 
optical systems. In the next section, RoF system is discussed briefly to demonstrate 
the application in 3D and 4D modulation systems. 
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Figure 2.6: (a) Impulse and frequency responses: (b) Cross response of transceiver 
filters for 3D-CAP (M. B. Othman, 2012b). 
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Figure 2.7: Transceiver filters for 4D-CAP: (a) Impulse response (b) Frequency 
response (c) cross response (M. B. Othman, 2012b). 
2.3 Radio-over-Fiber System 
RoF is a technology that centralizes the RF signal processing function in one shared 
area called a headend, and optical fiber link is used to disseminate the RF signal to 
the remote antenna units (RAUs) or BSs. In standard narrowband communication 
systems and wireless local area networks (WLANs), RF signal processing functions 
such as carrier modulation, multiplexing, and frequency up-conversion are carried 
out at the BSs or radio access point (RAP), and fed into the antenna.  
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Figure 2.8: General concept of RoF system. 
However, in RoF network architecture, most of the signal processing such as 
modulation, RF generation, multiplexing, coding, and switching can be prepared at 
the CS or headend. For wireless distribution, optical fiber links interconnect compact 
and simple BS antennas as shown in Figure 2.8. There are no processing functions 
involved in the BS, except simple conversion of optical to wireless signals or vice 
versa. Thus, RAUs only perform optoelectronic conversion and amplification 
functions. 
A basic RoF system is illustrated in Figure 2.9. In the downlink transmission, 
RF signal modulate the optical source and produce optical signals at the CS. Next, 
the signals are transmitted through an optical fiber to the BSs. At the BSs, the signals 
are demodulated directly by a PD to recover the RF signals. The opposite process is 
carried out in the uplink transmission, where at the BSs, the RF signals from the 
antenna directly modulate the optical source and the resulting optical signals are 
transmitted through a fiber to the CS.  
The RoF system approaches radio access and has the advantages that include 
a capability to utilize small, low-cost RAUs and simplicity of upgrading the link with 
a reduction in cost for maintenance of wireless networks at low power consumption 
and large bandwidth in wireless access (Karthikeyan & Prakasam, 2014). In RoF, the 
high optical bandwidth allows an implementation of high-speed signal processing, 
since it is impossible or difficult to be done electronically. Besides that, low loss 
transmission produced by optical fiber serves as an advantage to distribute the 
lossless wireless data transmission (Kaminow et. al., 2008).  
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Figure 2.9: Basic Radio-over-Fiber (RoF) system. 
Furthermore, RoF is immune to RF interference because the transmission of 
the signal is in a light form that is more secure. RoF is easy to maintain, cost 
effective, and simple to install because in the hardware configuration and design, 
expensive and complex equipment are kept at the CS, while small, lighter, and 
simpler RAUs are located at the BSs. 
On the contrary, in the conventional optical system the transmission of a 
signal is in a digital form, while RoF architecture is an analog transmission since the 
radio waveforms are distributed directly at the radio carrier frequency, from CS to 
BSs. Consequently, the limitations of the system are caused by noise and distortion, 
with limited noise figure (NF) and dynamic range (DR) of radio transmission (Zin et 
al., 2010). These require a process to suppress the noise and distortion in order to 
improve the DR and NF. Besides this, in SMF, the chromatic dispersion (CD) 
restricts the fiber link length while in MMF, the modal dispersion will limit the 
distance and available bandwidth.  
It is stated in (Anthony Ng’oma, 2005), that RoF technology is not 
convenient for system applications that require high Spurious Free Dynamic Range 
(SFDR) because of the limited DR.  SFDR is a maximum output signal power, when 
the power of the third-order intermodulation product is equivalent to the noise floor. 
However, most of the indoor applications do not involve high SFDR. Thus, a RoF 
system becomes a Distributed Antenna System (DAS), where it can be used for in-
building distribution of wireless signals for both data and mobile communication 
systems. 
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